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Department of Biophysics, University of Michigan, Ann Arbor, MichiganABSTRACT Regions of contact between cells are frequently enriched in or depleted of certain protein or lipid species. Here,
we explore a possible physical basis that could contribute to this membrane heterogeneity using a model system of a giant
vesicle tethered to a planar supported bilayer. Vesicles contain coexisting liquid-ordered (Lo) and liquid-disordered (Ld) phases
at low temperatures and are tethered using trace quantities of adhesion molecules that preferentially partition into one liquid
phase. We find that the Ld marker DiI-C12 is enriched or depleted in the adhered region when adhesion molecules partition
into Ld or Lo phases, respectively. Remarkably, adhesion stabilizes an extended zone enriched or depleted of DiI-C12 even
at temperatures >15C above the miscibility phase transition when membranes have compositions that are in close proximity
to a critical point. A stable adhesion zone is also observed in plasma membrane vesicles isolated from living RBL-2H3 cells, and
probe partitioning at 37C is diminished in vesicles isolated from cells with altered cholesterol levels. Probe partitioning is in good
quantitative agreement with predictions of the two-dimensional Ising model with a weak applied field for both types of model
membranes. These studies experimentally demonstrate that large and stable domain structure can be mediated by lipids in
single-phase membranes with supercritical fluctuations.INTRODUCTIONAdhesion between cells represents a vital mechanism
through which signals and/or materials are transmitted in
multicellular organisms. Adhesion is generally accom-
plished when one or more classes of receptors on one cell
selectively bind to ligands presented on a second cell.
Frequently adhesion forces work in concert with active
cellular processes to drive the formation of highly structured
membrane regions at points of contact between cells. For
example, adhesion between T cells and antigen presenting
cells or supported bilayers are characterized by a concentric
ring synapse structure (1). Certain proteins such as the T cell
receptor are sequestered to a central region, whereas other
components including ICAM adhesion proteins are found
at the periphery (2). In the T cell synapse, it has been shown
that protein organization is due to a range of physical
processes including protein-protein interactions, actin flows,
and packing constraints (2–4). Other adhesion processes do
not necessarily result in the formation of such highly orga-
nized structures, but can lead to enrichment of required
components at points of contact between cells, such as the
recruitment of viral assembly proteins to the viral synapse
(5). Important for our current study, adhered regions tend
to also be enriched in specific lipid species frequently asso-
ciated with raft or nonraft membrane domains, and it is
thought that lipid-mediated membrane heterogeneity
contributes in some way to the recruitment and/or retention
of some plasma membrane components (6,7). In this study,
we explore a possible physical basis through which certain
proteins or lipids could be recruited to or excluded fromSubmitted July 19, 2012, and accepted for publication December 3, 2012.
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lipid environments.
There is significant evidence that the tendency of plasma
membrane lipids to separate into coexisting liquid-ordered
(Lo) and liquid-disordered (Ld) phases impacts cellular
functions (8,9), although much debate remains regarding
the physical manifestation of these phenomena. It is well es-
tablished that proteins and lipids effectively sort between Ld
and Lo phase domains at low temperatures, where phase
separation is observed in isolated plasma membrane vesicles
(10–13) and where Lo phases are resistant to extraction by
certain detergents (14,15). No similar structure is directly
observed in living cells at physiological temperatures,
although there is some indirect evidence for the presence
of small and dynamic structure at 37C (16,17). In the
context of cellular adhesion, components known to partition
into Lo phases tend to localize to the virological synapse
(18), and the central region of the immune synapse is en-
riched in Lo markers in a variety of cell types (6,19,20),
although there is evidence that lipid-mediated phase parti-
tioning is not required for signaling function in T cells (3,4).
One hypothesis for the physical basis of raft heteroge-
neity in living cells is that extended fluctuations of Lo and
Ld components persist to physiological temperatures
because cellular plasma membranes have compositions
that are tuned to be close to a miscibility critical point
(21,22). In this model, small and dynamic composition fluc-
tuations form at equilibrium because the membrane has
a high osmotic susceptibility, meaning that the energy
required to assemble extended domains of specific compo-
nents is close to the thermal energy (23). Micron-sized crit-
ical fluctuations have been directly observed in both model
membranes and isolated plasma membrane vesicles withinhttp://dx.doi.org/10.1016/j.bpj.2012.12.047
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ture, and it is predicted that ~20 nm-sized fluctuations are
present at 37C (22,24). Several theoretical studies have
investigated possible implications of these small critical
fluctuations at elevated temperatures (21,25,26). Here,
we experimentally demonstrate that adhesion stabilizes
extended regions of heterogeneous lipid composition when
membranes contain supercritical fluctuations.
We use a simple model of cellular adhesion that consists
of giant vesicles tethered to a planar supported membrane
and has been well characterized previously (27). Both mem-
branes contain a small molar fraction of adhesion molecules
and a lipid-conjugated polymer that acts to increase the
entropic repulsion between opposing bilayers. A stable
adhesion zone forms when membranes are brought into
contact with adhesion molecules localized to the contact
site and polymer-conjugated lipids sequestered to the
vesicle periphery (27). Even though only a small molar frac-
tion of components participate in adhesion itself, we show
that adhesion leads to the large-scale arrangement of bulk
membrane components in vesicles with near-critical mem-
brane compositions. This is analogous to the alignment of
spins in supercritical magnetic systems with high magnetic
susceptibility in the presence of a weak magnetic field.
Remarkably, we observe that adhesion stabilizes robust
lipid heterogeneity in both synthetic vesicles and isolated
plasma membrane vesicles at and above physiological
temperatures.MATERIALS AND METHODS
Materials
1,2-DiPhytanoyl-sn-glycero-3-phosphocholine (diPhyPC), 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC), cholesterol (Chol), ganglioside
GM1 from ovine brain (GM1), 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-cap biotinyl (biotin-DOPE), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene glycol)-2000] (PEG-DOPE),
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethy-
lene glycol)-2000] (PEG-DPPE), and carboxyfluorescein-PEG2000-DSPE
(CF-PEG-DSPE) were purchased from Avanti Polar Lipids (Alabaster,
AL). Streptavidin, Alexa Fluor 647-streptavidin, biotinylated cholera
toxin B subunit (biotin-CTxB), and didodecyl-tetramethylindocarbocya-
nine perchlorate (DiI-C12) were obtained from Invitrogen (Grand Island,
NY). Methyl-b-cyclodextrin (MbCD) and MbCD precomplexed with
cholesterol (MbCD-Chol), and dithiothreitol (DTT) were purchased
from Sigma-Aldrich (St. Louis, MO). All reagents used were purchased
from Fisher Scientific (Pittsburg, PA) unless specified.Experimental methods
Giant unilamellar vesicles (GUVs) were prepared in 300 mM sucrose as
described previously (28) and diluted into 300 mM glucose to separate
GUVs from remaining multilamellar vesicles and support settling of vesi-
cles to the bottom of the sample chamber in imaging experiments. Giant
plasma membrane vesicles (GPMVs) were prepared as reported previously
(10) with minor modifications. Adherent RBL-2H3 cells were fluorescently
labeled by incubating with DiI-C12 (2.6 mM) in 1% methanol for 15 min,
before incubating in active buffer (2 mM CaCl2, 10 mM HEPES,Biophysical Journal 104(4) 825–834150 mM NaCl, 25 mM formaldehyde, and 2 mM DTT pH 7.4) for 1 h at
37C while slowly shaking. To reduce cholesterol from GPMVs, adherent
cells were pretreated with either 2 or 5 mM MbCD for 15 min. To load
cholesterol into the cell membrane, adherent cells were pretreated with
5 mM MbCD-Chol for 15 min. Cells were rinsed before GPMV
preparation.
Supported bilayers were prepared with the Langmuir-Blodgett vesicle
fusion method as described previously (29). A pure diPhyPC monolayer
deposited on a clean coverglass while keeping surface pressure constant
at 32 mN/m using an A KSV2000 system (KSV, Monroe, CT). A flow
chamber was assembled using the monolayer-coated coverglass and
a second clean coverglass separated with double-stick tape. Bilayers were
formed by incubating monolayers with extruded large unilamellar vesicles
containing 98 mol % diPhyPC and 1 mol % each of a biotin and PEG-conju-
gated lipid for 1 h. After rinsing to remove excess large unilamellar vesi-
cles, the bilayer was incubated with streptavidin (4 mg/ml) for 15 min
and then rinsed. When biotin-CTxB was used to mediate adhesion, bilayers
were incubated with 10 mg/ml biotin-CTxB for 15 min and then rinsed.
GUVs or GPMVs were incubated with the supported bilayer for 15 min
before imaging after sealing the flow chamber to prevent evaporation.
Images were acquired using an inverted microscope (IX81; Olympus,
Center Valley, PA) using a 40X 0.95 NA air objective and an Andor Neo
camera (Andor, South Windsor, CT). The sample chamber was attached
to a homebuilt temperature stage consisting of a peltier thermoelectric
device and water-circulating heat sink (Custom Thermoelectric, Bishop-
ville, MD) and a PID-type controller unit (Oven Industries, Mechanicsburg,
PA). The sample was adhered, using a thin layer of thermal grease, to
a copper plate in thermal contact with one side of the peltier device.
Temperature was measured with a thermister probe mounted on the copper
plate close to the sample. The interference reflection microscopy image (see
Fig. 1 B) was acquired with a 100X, 1.49 NA oil objective.Simulation methods
A two-dimensional (2D) Ising model with a conserved order parameter was
simulated at the temperatures and compositions indicated by the points (see
Fig. 5 A) using standard Monte Carlo algorithms as described previously
(21). Simulations were conducted on 200  200 pixel square lattice with
periodic boundary conditions and updates were performed using nonlocal
spin flips to decrease equilibration times. The adhesion zone is modeled
as a weak field, which acts to decrease the free energy of either white or
black pixels located within a circular area. We modeled the effects of
adhered components as an average field over an extended area instead of
mobile sites confined to a central domain because the average field is easier
to implement, requires fewer assumptions, and our experiments are per-
formed in the limit where the ensemble of adhered molecules uniformly
sample the adhesion zone within length scales given by the diffraction limit
of light (~400 nm) and on timescales given by the integration time of the
camera (~100 ms).RESULTS
Lipid phase markers are enriched or depleted
at sites of adhesion
GUVs containing biotinylated lipids adhere to planar sup-
ported bilayers decorated with streptavidin as indicated
schematically in Fig. 1 A. A lipid-conjugated PEG polymer
is also included in both vesicles and supported bilayers to
increase the entropic repulsion between bilayers. Previous
work has shown that a circular adhesion zone forms in these
vesicles due to a competition between attractive binding
forces and repulsive entropic forces between membranes
FIGURE 1 DiI-C12 partitions heterogeneously at sites of adhesion in
membranes with critical lipid compositions. (A) GUVs are adhered to
a planar supported bilayer through strong biotin-streptavidin or CTxB-
GM1 binding in the presence of lipids that are conjugated to PEG polymers.
(B) Vesicle adhesion is confirmed using interference reflection microscopy
where dark regions indicate regions vesicle membrane is in close proximity
to the supported bilayer because light reflecting off these surfaces interferes
destructively. (C and D) Adhesion is also visualized by fluorescence
microscopy when vesicles contain trace quantities of the fluorescently
tagged PEG-lipid CF-PEG-DSPE and the fluorescent lipid analog
DiI-C12. CF-PEG-DSPE partitions away from regions of strong adhesion
mediated by the biotinylated lipid biotin-DOPE. (C) DiI-C12 partitions
into the adhered region when vesicles are primarily composed of a critical
mixture of diPhyPC, DPPC, and Chol, (30/20/50) both for temperatures
below (16C) and above (37C) the critical temperature of 22C. (D) In
contrast, DiI-C12 is uniformly distributed in adhered vesicles composed
primarily of diPhyPC. (E) DiI-C12 partitions away from regions of adhesion
when the phase preference for biotin and PEG lipids is reversed and when
vesicles are primarily composed of a critical lipid mixture. In these vesicles,
DiI-C12 is depleted from the adhesion zone both for temperatures below
(16C) and above (37C) the critical temperature. Scale-bars are 10 mm.
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vesicles stably adhere to supported bilayers, as indicated
by the dark circular region in the interference reflection
microscopy image in Fig. 1 B. In this image, regions where
the vesicle and supported membrane are in close proximity
appear dark because light reflecting from these two surfaces
interferes destructively. In addition, we observe that a fluo-rescently tagged PEG-lipid (CF-PEG-DSPE) is depleted
from the vesicle center and enriched at the periphery.
Representative images of adhered vesicles containing both
CF-PEG-DSPE and the fluorescent lipid analog DiI-C12 is
shown in Fig. 1, C and D.
We use GUVs that contain coexisting Lo and Ld phases at
low temperatures and incorporate biotin- and PEG- tagged
lipids that preferentially partition into alternate phases.
The vesicle shown in Fig. 1 C contains a CF-PEG-DSPE
that preferentially partitions into the Lo phase, a biotin-
DOPE lipid that preferentially partitions into the Ld phase,
and the fluorescent lipid analog DiI-C12 that strongly parti-
tions into the Ld phase. As expected, we observe an Ld
domain anchored at the region of adhesion between the
vesicle and supported bilayer below the miscibility transi-
tion temperature for this mixture.
In addition to phase separating at low temperature, the
vesicle shown in Fig. 1 C is prepared such that it is close
to a known critical point with a critical temperature of
roughly 22C. Free-floating vesicles with this lipid compo-
sition contain coexisting liquid phases at low temperature,
micron-sized critical fluctuations within roughly 2C of
the transition temperature, and appear uniform on the
micron scale at high temperatures (24). The bottom panels
of Fig. 1 C show a vesicle imaged at 37C in which the adhe-
sion zone is easily visualized by examining DiI-C12 inten-
sity, even though this vesicle is held roughly 15C above
the transition temperature. Free-floating vesicles appear
uniform on the micron scale under these conditions and
domains are not visible in adhered vesicles away from the
adhesion zone. Micron-sized fluctuations and phase sepa-
rated domains are observed in adhered vesicles away from
the adhesion zone near room temperature indicating that
adhesion does not simply increase the miscibility transition
temperature (Fig. S1 in the Supporting Material), as has
been observed to shift a few degrees in previous studies
when a subset of vesicle components are cross-linked in
solution (30). Furthermore, we find that miscibility transi-
tion temperatures remain stable over the observation period
(<30 min; Fig. S2). Transition temperatures in this region of
the phase diagram are sensitive to changes in composition,
therefore this provides evidence that lipids exchange
between the vesicle and supported bilayer is not significant
over this time-period.
Our observation of DiI-C12 enrichment at elevated
temperatures in single phase critical membranes is striking
because DiI-C12 is not itself involved in adhesion nor does
it have direct interactions with adhesion molecules. We
verify that DiI-C12 is not directly associated with adhesion
molecules by monitoring the distribution of DiI-C12 in
adhered vesicles composed primarily of diPhyPC lipids
that do not undergo a miscibility phase transition at any
temperature. We find that DiI-C12 remains uniformly
distributed throughout the adhered vesicle even though
CF-PEG-DSPE distributes to the vesicle peripheryBiophysical Journal 104(4) 825–834
FIGURE 2 Quantifying probe enrichment or depletion in the adhesion
zone. DiI-C12 enrichment or depletion at the adhesion zone is quantified
by acquiring images of the bottom (adhered) and top (free) surfaces of
adhered vesicles. The average DiI-C12 intensity is evaluated within a circle
of radius 1 mm located at the center of each vesicle surface. The quantified
contrast ratios presented in subsequent figures are a ratio of the bottom
average intensity over the top average intensity. For demonstration
purposes, the traces of fluorescence intensity of the vesicle bottom (black
lines) and the vesicle top (gray lines) are shown for four representative
vesicles, where the circles indicate the values used to tabulate the contrast
ratio. We observe equal probe intensities in images of the top and bottom of
control vesicles that do not undergo a phase transition at any known
temperature (DiPhy þ DOPE). Vesicle compositions and temperatures
are as follows: 1% DOPE: 30/20/50 DiPhyPC/DPPC/Chol þ 1% biotin-
DOPE þ 1% PEG-DPPE (26C); 0.1% DOPE: 30/20/50 DiPhyPC/
DPPC/Chol þ 1% biotin-DOPE þ 0.1% PEG-DPPE (26C); 1%GM1:
30/20/50 DiPhyPC/DPPC/Chol þ 1% GM1 þ 1% PEG-DOPE (26C);
DiPhyPC þ DOPE ¼ DiPhyPC þ 1% biotin-DOPE þ 1% PEG-DPPE
(25C).
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ings suggest that DiI-C12 enrichment at the adhesion zone
is not only due to the distribution of adhered components,
but also requires the presence of a miscibility phase
transition.
Further evidence that adhesion can alter the localization
of membrane components not directly involved in adhesion
is obtained by inverting the phase preference of the biotin
and PEG conjugated lipids. The vesicle shown in Fig. 1 E
contains a same base critical lipid mixture as above, but
additionally contains a DOPE-PEG lipid that is expected
to partition into the Ld phase and the ganglioside GM1.
GUVs are adhered to a supported bilayer decorated with
biotinylated biotin-CTxB, and we anticipate that GM1 will
localize within the adhesion zone, whereas the unsaturated
DOPE-PEG lipid will be excluded from the adhesion
zone. GM1 bound to CTxB partitions into the Lo phase
(31) and we observe depletion of the Ld phase marker
DiI-C12 from regions of adhesion. In the representative
vesicle shown in Fig. 1 E, the depletion of DiI-C12 at the
adhesion zone persists to 37C, roughly 15C above the
phase transition temperature.
In addition to having reversed contrast of DiI-C12, the
adhesion zone in Fig. 1 E has a smaller radius than those re-
sulting from DOPE-biotin binding shown in Fig. 1, C andD.
This difference is robust to changes in overall vesicle
composition and to variation in the molar fraction of the
adhesion molecule (DOPE-biotin or GM1), as shown in
Fig. S3. We find that the radius of the adhesion zone
compared to the vesicle radius saturates when the concentra-
tion of adhesion molecules in the vesicle and the supported
bilayer are equal (1 mol % in Fig. S3). Interestingly, the
saturated values for biotin-DOPE and GM1-containing vesi-
cles differ by approximately a factor of 5. This difference
may be related to the pentameric binding of GM1 to bio-
tinylated CTxB.
To quantify the enrichment or depletion of DiI-C12 at the
adhesion zone, we report the ratio of DiI-C12 emission
intensity in a central region within the bottom and top
surfaces of the same vesicle, as described in Fig. 2. A ratio-
metric approach is used to compensate for temperature-
dependent changes in the quantum yield of DiI-C12, as
well as to account for minor variations in probe concentra-
tions between vesicles. We find that this method is more reli-
able than one that considers only the adhered surface
because it can be applied when the adhesion zone includes
the majority of the bottom vesicle surface, and it avoids
possible artifacts associated with sections of the vesicle
bottom being out of focus, or an uneven distribution of exci-
tation light over the field of view. By comparing the probe
intensity at the adhesion zone to a region of the vesicle
that is far from the perturbation, we aim to isolate contribu-
tions from the reorganization of adhesion molecules. Of
importance, this method detects no DiI-C12 enrichment or
depletion in the adhesion zone in control vesicles thatBiophysical Journal 104(4) 825–834contain only biotin-DOPE, PEG-DPPE, and DiPhyPC.
Raw average intensity data for several vesicles as a function
of temperature can be found in Fig. S4.Probe heterogeneity requires proximity to
a critical point
The miscibility phase boundary for ternary vesicles of
diPhyPC, DPPC, and Chol has been mapped previously
(32) and a schematic representation is shown in Fig. 3 A
near room temperature. The GUVs used here also contain
1 mol % each of PEG-DPPE and biotin-DOPE, and we
expect some variations in the phase diagram due to these
trace impurities, and due to our use of a different fluoro-
phore (33). For example, we measure a transition tempera-
ture of 23.5C for vesicles containing a fluorescent probe
and 30:20:50 ratio of diPhyPC/DPPC/Chol. This transition
temperature shifts upward 2C with 1 mol % of PEG-
DPPE, downward 2C with 1 mol % biotin-DPPE, and
remains unchanged with 1% each of PEG-DPPE and
biotin-DOPE incorporated into vesicles.
FIGURE 3 DiI-C12 enrichment at the adhesion zone depends on
temperature and composition in vesicles containing biotin-DOPE and
PEG-DPPE. (A) Vesicle membrane compositions investigated are indi-
cated on a sketch of the diPhyPC/DPPC/Chol phase diagram at room
temperature (32). The critical composition is denoted as a solid circle
symbol. Solid symbols indicate compositions that undergo a miscibility
transition at roughly room temperature and open symbols indicate compo-
sitions with no miscibility phase transition at any accessible temperature.
(B) Representative images showing DiI-C12 partitioning into the adhesion
zone of three vesicles with distinct membrane compositions. All vesicles
are phase separated at 16C and are in a single liquid phase at 26
and 37C. (C) Representative images of DiI-C12 partitioning into the
adhesion zone of three distinct vesicle compositions that do not undergo
a miscibility transition at any accessible temperature. (D and E) Quanti-
fication of fractional enrichment of DiI-C12 at the adhesion zone for
vesicle compositions indicated in A. In D, values are only reported for
vesicles above their phase transition temperature. Vesicle compositions
are listed as diPhyPC/DPPC/Chol and also contain 1 mol % each of
biotin-DOPC and PEG-DPPE in addition to 0.3 mol % of DiI-C12.
Scale-bars are 10 mm.
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close to the critical point at this temperature and is repre-
sented as a solid circle on the diagram. We also image adhe-
sion zones in vesicles with compositions that fall roughly
along the miscibility phase boundary at this temperature,
but are shifted away from the critical point either toward
the Ld or Lo tieline endpoints. Several representative images
of adhered vesicles of differing compositions and tempera-
tures are shown in Fig. 3, B and C, and results for many vesi-cles are quantified in Fig. 3, D and E. DiI-C12 probe
enrichment or depletion is quantified as described previ-
ously, by measuring the ratio of DiI-C12 fluorescence inten-
sities inside and away from the adhesion zone. By this
scheme, a ratio of one corresponds to a uniform probe distri-
bution, values greater than one correspond to probe enrich-
ment at the adhesion zone, and values smaller than one
indicate probe depletion. We observe that the magnitude
of enrichment is remarkably robust for a given membrane
composition and temperature, and several representative
fields of vesicles are included in Fig. S5.
The vesicle images in Fig. 3 B illustrate the temperature
dependence of DiI-C12 enrichment at the adhesion zone
for three distinct vesicle compositions that undergo a misci-
bility transition near room temperature. For all vesicle
compositions, probe enrichment decreases as temperature
is increased from the transition temperature. In addition,
probe enrichment is largest for vesicles with a composition
shifted slightly to the Lo side of the critical point, as indi-
cated by the solid diamond symbol in the phase diagram.
Probe enrichment in single-phase membranes decreases as
membrane composition is shifted along the phase boundary
toward Ld tieline endpoints. Both of these trends are visual-
ized in the representative vesicle images in Fig. 3 B as well
as in the quantification averaged over several (at least 3)
distinct vesicles in Fig. 3 D, where error bars indicate the
standard deviation between vesicles. Remarkably, signifi-
cant DiI-C12 enrichment is observed at the adhesion zone
in vesicles with near-critical membrane compositions even
at temperatures greater than 25C above the miscibility tran-
sition. Adhered vesicles primarily composed of diPhyPC act
as a control and show no enrichment over the range of
temperatures investigated.
Interestingly, we also observe probe enrichment in the
adhesion zone in vesicles that do not undergo a miscibility
phase transition temperature at any accessible temperature.
Fig. 3 C shows representative images of DiI-C12 enrichment
at the adhesion zone at 37C for several representative vesi-
cles with compositions indicated by open symbols on the
phase diagram in Fig. 3 Awith enrichment ratios quantified
in Fig. 3 E. These include two compositions that reside close
to the critical point at room temperature and we find that
DiI-C12 enrichment closely mimic those obtained for nearby
compositions with a miscibility transition. Both composi-
tions reside in a region of the phase diagram proposed to
contain nanodomains when similar lipid mixtures are
studied using methods that probe small-scale organization
(34,35). We also investigated a vesicle primarily composed
of a binary mixture of DPPC and cholesterol that resides
close to a Lo tieline endpoint, as indicated by an open
square on the phase diagram. We observe weak enrichment
of DiI-C12 in vesicles with this composition at lower
temperatures, but enrichment cannot be distinguished from
control vesicles composed primarily of diPhyPC lipids at
and above 37C.Biophysical Journal 104(4) 825–834
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in isolated plasma membrane vesicles
GPMVs isolated from living mammalian cells contain
coexisting liquid phases at low temperature (10) and
micron-sized composition fluctuations near their critical
temperature of roughly room temperature (24). Like the
purified vesicles shown in Figs. 1–3, fluctuations in these
biological model membranes are consistent with belonging
to the 2D Ising model universality class, and GPMVs are
predicted to contain fluctuations with sizes of roughly
20 nm at 37C (22). Fig. 4 A shows a representative
GPMVisolated from RBL-2H3 cells that is adhered to a sup-
ported bilayer decorated with PEG-DOPE and biotinylatedFIGURE 4 DiI-C12 is depleted in at the adhesion zone in giant plasma
membrane vesicles adhered via CTxB binding to endogenous GM1. (A)
Representative images of DiI-C12 partitioning away from the adhesion
zone in critical GUVs containing 1 mol % GM1 (left) and GPMVs (right).
GPMVs are either isolated from untreated cells or cells pretreated for
15 min with MbCD or MbCD-Chol as indicated. Scale bars are 10 mm
and all free-floating vesicles contain only a single liquid phase at 30 and
37C. (B) Fractional depletion of DiI-C12 at the adhesion zone in multiple
GUVs and GPMVs like those shown in A. Contrast ratio values are reported
for vesicles above their phase transition temperature.
Biophysical Journal 104(4) 825–834CTxB. This cell type contains high endogenous levels of
the ganglioside GM1, and GPMVs adhere when GM1 binds
to CTxB presented on the supported bilayer. We observe
that the lipid probe DiI-C12 partitions away from the adhe-
sion zone below the critical temperature, and probe deple-
tion persists to temperatures well above physiological
temperatures. This result is consistent with our findings in
purified model membranes containing 1 mol % each of
GM1 and PEG-DOPE, and is quantified in Fig. 4 B.
Cholesterol levels within GPMVs are modulated by
isolating membranes from cells that are pretreated with
either MbCD or with MbCD that has been complexed
with cholesterol (MbCD-Chol). GPMVs prepared from
cells pretreated for 15 min with either 5 mM or 2 mM
MbCD contain larger surface fractions of Ld phase at their
transition temperatures, and closely resemble model
membrane vesicles with compositions shifted toward Ld
tieline endpoints. In contrast, GPMVs prepared from cells
pretreated with 5 mM MbCD-Chol contain large surface
fractions of Lo phase at their transition temperature, and
closely resemble model membrane vesicles with composi-
tions shifted toward Lo tieline endpoints. Depletion of
DiI-C12 at the adhesion zone is reduced in GPMVs with
modulated cholesterol levels and depletion is significantly
reduced at the growth temperature of 37C. These findings
are in good general agreement with our model membrane
results. Again, we find that probe heterogeneity is largest
when membranes are poised near a critical point.Experimental results are consistent with 2D Ising
model simulations
Our experimental observations with purified GUVs and iso-
lated GPMVs show that DiI-C12 partitions into or away from
the adhesion zone in single-phase membranes that have
compositions that pass near a critical point. In Fig. 5 we
explore the likely physical basis of this enrichment by
modeling this system using the 2D Ising model with an
applied field. The Ising model simulated in Fig. 5 contains
a square lattice of white and black pixels that loosely repre-
sent membrane regions that are rich in Ld and Lo compo-
nents, respectively. The free energy of the system contains
an energetic term that favors phase separation, an entropic
term that favors mixing, and a weak energetic preference
for either white or black components to be localized within
a circle in the center of the simulation frame. A phase
diagram for the 2D Ising model in the absence of an applied
field has been solved exactly (36) and is shown in Fig. 4 A.
The 2D Ising model phase diagram contains a critical point
at the phase transition temperature when there are equal
numbers of white and black pixels (w ¼ 0.5).
Our choice to model critical membranes using a 2D Ising
model is based on recent studies establishing that critical
fluctuations in bilayer membranes are consistent with
belonging to the 2D Ising model universality class
FIGURE 5 Experimental measurements are in good agreement with
simulations of the 2D Ising model. (A) Phase diagram of the 2D Ising model
with no applied field (36). Symbols represent compositions highlighted
in parts B and C, and several temperatures are indicated in C assuming
a critical temperature of 22C. (B) Time-average images of simulations
conducted at the indicated compositions for a weak white preferring (top)
and black preferring (bottom) applied field within a central circular domain.
Simulations are run at 1.05 TC, which corresponds to 37
C. (C) Tempera-
ture and composition dependence of the enrichment (black open points)
or depletion (gray open points) for simulations with an applied field, quan-
tified from time-average images like those shown in B. Solid lines are fits to
points to guide the eye. (D) Rescaled simulation results (open points and
solid lines) are in good agreement with experimental values for both
GUVs (black points) and GPMVs (gray points). Simulation results for
GUVs (values above 1) are rescaled differently than values for GPMVs
(values below 1) as described in the main text. Data points are reproduced
from Figs. 3 and 4 with identical symbols and scaled by their measured
transition temperature.
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many measurable properties of fluctuations depend only
upon the universality class and the relative displacement
from the critical point both in composition and temperature
(23). Both the GUV and GPMV membranes used in our
current study have critical temperatures close to 22C, or
295 K. We use this measured critical temperature (TC) to
calibrate the Ising model simulations. As indicated in
Fig. 5 A, the physiological temperature of 37C corresponds
to 1.05 TC in these units, and 16
C corresponds to 0.98 TC.
As was the case in our experimental studies, simulationsconducted at 37C result in significant enrichment or
depletion of white pixels within the circular domain
when composition is close to the critical composition of
w ¼ 0.5, but enrichment is reduced when composition
is shifted toward white (Ld) phase tieline endpoints (w ¼
0.75), as shown in Fig. 5 B. Enrichment is quantified over
a range of temperatures in Fig. 5 C. For the case of
a weak field favoring white components, we again observe
the maximum enrichment of white components for compo-
sitions shifted to larger fractions of black pixels (w ¼ 0.35).
This is analogous to our observations of increased enrich-
ment in GUVs containing biotin-DOPE and prepared with
a composition shifted slightly toward the Lo phase tieline
endpoints shown in Fig. 3.
Measured experimental and simulated enrichment values
are compared in Fig. 5 D for vesicles that undergo a misci-
bility phase transition near room temperature. Solid lines
and open symbols in this figure have been rescaled from
those shown in Fig. 5 C using one parameter (F) to account
for experimental factors such as incomplete partitioning of
DiI-C12 into the Ld phase and nonzero background intensi-
ties in the acquired images according to the relation:
ContrastRatio ¼ 1þ F
 hIdomaini
hInotdomaini  1

:
The simulations described previously also require the use
of several additional parameters, many of which can be esti-
mated from experiments. First, the radius of the circular
domain is set such that the domain occupies the same area
fraction as the adhesion zone in our GUV experiments
involving 1 mol % biotin DOPE (22.5 pixels). Second, the
specific values for white fraction (w) were chosen by approx-
imating the surface fraction of Ld and Lo phases observed in
free-floating vesicles at 16C, and mapping this onto the
Ising model phase diagram using the lever rule at T ¼ 0.98
TC, as described in Fig. S6. The final parameter describes
theweak energetic preference for either white or black pixels
within the adhesion zone and is not obtained experimentally.
The black curves shown in Fig. 5 are obtained by varying
the field strength and the proportionality factor F to obtain
the best agreement with experimental results. For GUV
membranes adhered using 1 mol % biotin-DOPE, we obtain
remarkably good quantitative agreement with 2D Ising
model simulations in the presence of an applied field of
0.025, or 2.5% of the interaction energy between like pixels
at each site within the adhesion zone. Simulated curves
obtained using different values of this coupling do not simul-
taneously fit all three curves as shown in Fig. S7.
In the case of GPMV membranes, white fraction (w)
parameter values are not extracted from experiment beyond
the untreated membranes which have w ¼ 0.5. This is
because transition temperatures vary between treatments,
and in some cases no obvious liquid miscibility transition
is observed to 10C. For these simulations (gray points),Biophysical Journal 104(4) 825–834
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energy between like pixels at each site within the adhesion
zone, and we have chosen values for F (0.25) and w (0.75,
0.5, and 0.2) that are physically realistic and produce results
that are consistent with experimental trends. Further work is
needed to better characterize phase separation in GPMV
membranes with modulated cholesterol levels to accurately
map the phase transition in GPMV membranes onto the 2D
Ising model. These initial studies show that a simplistic
random field Ising model simulation accurately captures
many aspects of the experimental results, even in composi-
tionally complex biological membranes.DISCUSSION
In this study, we show that macroscopic membrane hetero-
geneity can be stabilized through adhesion in single-phase
membranes over a broad temperature range, as long as
membrane composition is tuned near to a critical point.
This finding may have broad implications for regions of
adhesion between cells, where it is well documented that
certain proteins and lipids are enriched at contact sites
(1,2,5–7). Our results suggest a possible physical mecha-
nism for accumulating or excluding some components that
are not directly involved in the adhesion process that is
based on their preferential partitioning into one of two liquid
phases at low temperature. This mechanism could con-
tribute to the sorting of some proteins or lipids between
the central supramolecular activation cluster (cSMAC) and
peripheral-SMAC in the immune synapse, or the recruit-
ment HIV-associated proteins and lipids to the viral synapse.
More generally, our findings provide direct experimental
evidence that the presence of coexisting liquid phases at low
temperature can impact membrane structure at physiolog-
ical temperatures. In this study, we focus on the specific
example of using adhesion between membranes to stabilize
macroscopic structure, but similar results are expected for
cases where proteins are clustered using multivalent anti-
bodies or antigens (26), or when membrane components
are sparsely tethered to a rigid cortical cytoskeleton network
(21). Furthermore, we expect that the partitioning behavior
of proteins and lipids into low temperature phases will trans-
late into partitioning into stabilized structures at elevated
temperatures. Because components that partition into the
Lo phase in GPMVs at low temperature are also frequently
found in detergent-resistant membrane fractions (11,12,38),
our findings support the view that it is possible, at least in
some cases, to use biochemical results to infer the partition-
ing behavior of proteins and lipids at physiological
temperatures.
This work is consistent with earlier studies in suggesting
that lipid-mediated membrane heterogeneity can be stabi-
lized by controlling the localization of a subset of compo-
nents. Previous work in model membranes with coexisting
Lo and Ld phases have shown that lipid heterogeneity is stabi-Biophysical Journal 104(4) 825–834lized when lipids are tethered to cross-linked actin mesh-
works (39) or to 2D crystals of avidin (40). In both cases,
experimental results of probe partitioning into or away
from protein-coated membrane domains was interpreted as
an increase in transition temperature. In light of our current
findings, it may instead be possible that probes in these vesi-
cles remain heterogeneous at elevated temperature because
membranes have near-critical compositions. Consistent
with this interpretation, Liu and Fletcher (39) exclusively
examined a membrane composition that is close to a known
critical point and found that a lipid probe remains heteroge-
neously distributed to higher temperatures when vesicles are
capped with an actin cortex. Manley et al. (40) investigated
vesicles with a range of lipid compositions that were partially
coated by 2D avidin crystals. Consistent with our findings,
they report heterogeneous distributions of lipid probes at
elevated temperatures only when vesicles have near-critical
membrane compositions. In principle, it would be possible
to distinguish a first-order phase transition frommacroscopic
enrichment of probes in a single phase near a critical point by
monitoring the temperature dependence of probe enrich-
ment. In the case of a first-order phase transition, enrichment
would occur abruptly at a well-defined transition tempera-
ture. In contrast, enrichment would increase gradually as
temperature is decreased if heterogeneity arises within
a single phase membrane. Our results are also in good qual-
itative agreement with a third study, which showed that the
organization of a lipid probe is affected by critical demixing
in binarymembranes of cardiolipin and phosphatidylcholine,
as observed after the application of an electric field (41). The
cooperative redistribution of probes reported in this past
study is more subtle than our current observations, as is
expected because the membranes investigated have a lower
predicted critical temperature.
A separate previous study has observed that adhesion can
stabilize ordered Lo or gel phase domains and it is concluded
that this is accomplished by suppressing thermal shape fluc-
tuations at points of contact between vesicles (42). This
observation differs from our current study, where we are
able to stabilize either Ld or Lo compositions at the adhesion
zone. Differences in experimental observations are likely
due to the alternate mechanisms of adhesion employed.
Adhesion in this previous study is accomplished through
generic headgroup interactions that occur when vesicles
are grown at high density on an electrode, although we
have used the binding of specific components that have a
strong preference for either the Ld or Lo phase. It is possible
that a wide variety of effects including the suppression of
shape fluctuations (42), or the altered chemical potential
of water near points of contact between membranes (43)
impacts the detailed composition of the resulting adhesion
zone. In our measurements, these physical mechanisms
may impact the scaling factor (F) needed to convert between
Ising model and experimental contrast ratios. It appears
that the recruitment of specific adhesion components is
Adhesion Stabilizes Heterogeneity in Membranes 833sufficient to explain our broad observation of recruitment or
exclusion, at least for the specific compositions investigated.
This study also demonstrates quantitative agreement of
experimental data in near-critical membranes to predictions
of the 2D Ising model over a broad temperature and compo-
sition range. Previous studies have shown that the critical
exponents h, b, and g are consistent with experimental
observations in synthetic critical vesicles and isolated
GPMVs within several degrees of the critical point
(22,24). Here, we find good agreement of experimental
data with 2D Ising model predictions of probe enrichment
over an extended temperature range. This observation
provides experimental support for the assertion that 2D
Ising model scaling laws apply in plasma membranes at or
above physiological temperatures. Agreement with Ising
model predictions for membrane compositions shifted
away from the critical point suggest that extended areas
within the phase diagram can be mapped onto the Ising
model. This may provide a useful tool for interpreting the
consequences of cholesterol reduction or increase on the
lateral organization of components in cells that are treated
with MbCD or MbCD-Chol.CONCLUSION
In conclusion, we provide an experimental demonstration
that the tendency for membranes to phase separate at low
temperature can influence their structure at elevated temper-
ature. By stably enriching a small subset of components
within a domain through adhesion, we influence the organi-
zation of a membrane probe that does not interact directly
with adhered molecules. This effect is most prominent for
compositions close to critical points in model membranes
and isolated plasma membrane vesicles, and we find that
adhesion can stabilize membrane heterogeneity even at
temperatures >25C above the phase transition. This may
represent a general physical basis through which cells can
manipulate the structure and function of their plasma
membranes under physiological conditions.SUPPORTING MATERIAL
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